Most oral cancers are oral squamous cell carcinomas (OSCC) that arise from the epithelial lining of the oral mucosa. Given that the oral cavity is easily accessible, the disease lends itself to early detection; however most oral cancers are diagnosed at a late stage and approximately half of oral cancer sufferers do not survive beyond 5 years, post-diagnosis.
Introduction
Oral cancer is the sixth most common cancer, worldwide [1] . In countries such as Pakistan, Bangladesh, India and Sri Lanka, oral cancer is the most common cancer and accounts for up to 30% of all diagnosed cancers [1] . Ninety per cent of oral cancers are oral squamous cell carcinoma (OSCC) [2] . Given that the oral cavity is easily accessible, the disease lends itself to early detection. However, the survival rate for oral cancer is lower than those for breast, colorectal, prostate and cervical cancers [3] and late stage diagnosis has been recognized as a contributing factor [4, 5] . Currently, pre-malignant and malignant oral lesions are identified by conventional oral examination (COE) which comprises of the visual inspection and palpation of the oral cavity [2] . Often manifesting with features synonymous with common benign oral lesions, they are difficult to discern impeding COE screening [6] [7] [8] [9] . Oral lesions are common [10] [11] [12] [13] and most are benign [14, 15] . The goldstandard diagnostic technique is invasive, painful, requires the use of anaesthetic and can result in complications such as infection. Consequently, only a small number of lesions are investigated by the gold-standard method and early stage or innocuous appearing malignant lesions are often overlooked. A non-invasive, non-subjective pre-OSCC and OSCC detection method that can be carried out in a primary health care setting would be of great benefit.
The transition of a cell from a healthy to pathological state is associated with subsequent variation in its electrical properties [16] [17] [18] [19] [20] indicating the potential for electrophysiological markers to be used in the detection and diagnosis of disease. Recently, it has been found that the electrical properties of malignant breast epithelial cells are different to quasinormal breast cells [20] and malignant oral epithelial cells are different to quasi-normal dermal epithelial cells [21] suggesting a use for electrophysiological markers in the detection and diagnosis of carcinomas.
Yang et al. [22] showed that an OSCC cell line could be distinguished from an immortalised, non-cancer-derived oesophagus cell line by electrical impedance-based 5 measurements. The group demonstrated that cellular activity such as adherence and proliferation induced changes in the capacitance and resistance of the electrode to which cells were adhered to. The kinetics of the two cell lines were distinct, indicating that electrical impedance-based methods could be used in the early diagnosis of oral cancer.
However, this method relies on harvesting adherent cells from the oral mucosa and the measurements take several hours. The present study has employed an AC electrokinetic technique called dielectrophoresis (DEP) to determine the electrical properties of normal, pre-OSCC (dysplastic) and OSCC oral epithelial (keratinocyte) cells. DEP is performed when cells are in suspension, so cell adhesion is not required for measurements. This allows for non-invasive cell harvesting methods such as exfoliation with a brush biopsy tool. In addition, results can be acquired in as little as 30 seconds [23] .
The cell's ability to conduct electric charge (conductivity) and to store electric charge (capacitance) can be measured using DEP. DEP is a phenomenon whereby a cell is induced to move under the influence of a non-uniform electric field [24] . When a non-uniform electric field is applied to a cell in suspension, the cell becomes polarised. The electric charges on the surface of the cell interact with the applied electric field and forces are exerted on the cell. If the electric field strength is spatially uniform, the forces will be equal and the cell will remain stationary. However, if the electric field strength is non-uniform then there will be an imbalance in forces and the cell will move. The direction and velocity of cell motion is dependent on the electrical properties of the cell and its suspending medium, and the frequency of the applied electric field. By observing cell motion over a range of frequencies the cells' electrophysiological spectrum or 'fingerprint' can be determined. Multi-parametric electrical data can be obtained from the cell's electrophysiological fingerprint using a single-shell model [25, 26] .
This study has used a novel DEP-microwell electrode system [27, 28] to determine the electrical properties of primary normal oral cells and dysplastic and OSCC oral keratinocyte cell lines. The DEP-microwell system has been shown to be rapid, easy to use 6 and low cost and has the potential to be automated and integrated into bench-top apparatus situated in a primary health care setting, such as a dental surgery. As spectra can be collected in as little as 30 seconds [23] , waiting times for laboratory tests would be eliminated. Automation of the device would render the results free from subjective assessment allowing clinicians with minimal training and expertise to utilize the technique effectively. It is proposed that DEP can be used in a primary health care setting as a cheap, non-invasive OSCC detection system.
Materials and Methods

Cell Culture
The OSCC cell lines H357 and H157 were a kind gift from Dr. S.A. Whawell, University 
Sample Preparation
DEP experimental medium was prepared containing 17mM glucose and 263mM sucrose in deionised water [29, 30] . The medium was adjusted to a conductivity of 5mS m -1 by 
Dielectrophoresis Experiments
The DEP-microwell electrode system was used to determine the electrophysiological properties of oral keratinocytes in this study. The fabrication of the DEP-microwell and experimental methods are described in detail elsewhere [27, 28, 31] . Briefly, for each experiment, cell motion was measured in response to a non-uniform AC electric field for five frequencies per decade from 4kHz to 20MHz. A MatLab (The Mathworks Inc, Nantick USA) script was used to assess the change in light intensity in the DEP-microwell over the duration of time that the electric potential was applied. The change in light intensity was normalised to an image captured before the electric potential was applied. The electrophysiological properties were derived by fitting a 'single-shell' model to the line of best fit through the electrophysiological spectra [17, 26] . The line of best fit had a correlation co-efficient of 0.9 or above for all experiments. Cell radii were obtained by capturing images of at least 50 cells per experiment on a haemocytometer and measuring the cell diameter using image analysis software.
Polarisation and Dielectrophoresis Theory
A dielectric is a material which has the capacity to polarise when subject to an applied electric field [32] . Polarisation is the redistribution of charges bound within a material under the influence of an applied electric field, whereby charges of the same magnitude and opposite polarity are displaced to different locations within the material. On removal of the applied electric field, the material returns to its original state. Polarisation is not instantaneous;
charges take a finite amount of time to accumulate. Following removal of the applied electric field, a finite amount of time is taken for charge equilibrium to be re-established. This is termed relaxation time (τ).
In systems where an alternating current (AC) is used to produce an electric field, polarisation is frequency dependent. At low frequencies, polarisation realizes its maximum potential before the direction of the electric field changes. Redistribution of free charge (conductivity)
is the dominating mechanism governing polarisation at low frequencies. At high frequencies, polarisation does not have time to realize its maximum potential before the direction of the field changes. Perturbation of bound charges (permittivity) dominates polarisation at high frequencies. The difference between the two states is called a dielectric dispersion.
When a dielectric particle is suspended in a conductive medium and an electric field is applied, the particle will become polarised. When the particle is more polarisable than the suspending medium, the charge density at the internal aspect of the interface between the particle and the suspending medium is greater than the charge density at the external aspect of the interface. Thus, the net induced dipole is aligned with the electric field and the electric field lines will bend towards the particle meeting its surface at right angles. When the particle is less polarisable than the suspending medium, the charge density at the internal aspect of the interface between the particle and the suspending medium is less than the external aspect of the interface. Thus, the net induced dipole aligns counter to the electric field and the electric field lines will bend around the particle as if it were an insulator. When the charge density at the internal aspect of the interface between the particle and the suspending medium is equal to the external aspect of the interface, the polarisability of the particle and medium will be equal and the applied electric field remain unperturbed.
The interaction between the separated charges on each side of the induced dipole and the applied non-uniform electric field generates a force. When a dielectric particle is suspended in a conductive medium and a spatially uniform electric field is applied, the magnitude of the force imparted on the two poles of the induced dipole is equal and opposite. Thus, the net force acting on the particle is zero and the particle remains stationary.
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When the applied electric field is spatially non-uniform, a gradient of electric field strength exists. When a dielectric particle is suspended in a conductive medium and a spatially nonuniform electric field is applied, the strength of the electric field on one pole of the dipole is greater than on the other. Therefore, there is an imbalance of Coulomb forces imparted on the induced dipole. Thus, a translational force is induced and the particle will undergo lateral displacement. The polarisability of the particle relative to that of the suspending medium governs the direction of particle motion. If the particle is more polarisable than the suspending medium, the particle will move in the direction of high field strength regions. This is termed positive DEP (+DEP, p-DEP). If the particle is less polarisable than the suspending medium the particle will be repelled from high field strength regions. This is termed negative DEP (-DEP, n-DEP). If the polarisability of the particle is equal to that of the medium, the particle will remain stationary; the frequency at which this occurs is termed the crossover frequency (FCROSS, FC, FX or FX0).
The magnitude of particle displacement is proportional to the force exerted on the particle.
The DEP force is given by Equation 1:
Equation 1
Where r is the radius of the particle, εm is the medium permittivity,  is the Del operator Where εp* and εm* are the complex permittivities of the particle and medium, respectively.
The complex permittivity is given by Equation 3: * = −
Equation 3
Where ε is the permittivity, ω is the angular frequency, j is the square root of -1 and σ is the conductivity. Thus, the permittivity and conductivity of the particle can be derived from measurements of cell motion as a function of frequency.
Homogenous dielectric particles have a single dielectric dispersion caused by the accumulation of charges at the interface between the suspending medium and the particle.
The DEP force expression (Equation 1) holds true for the dielectrophoretic force of a homogeneous sphere. A biological cell is not homogenous; it is an anisotropic dielectric consisting of a membrane and a cytoplams, each of which has discrete polarisabilities.
Multi-shelled models are used to interpret dielectric spectroscopy of cells [17, 25, 26, 31] .
The most common approach divides the model into concentric spheres with increasing radii.
Each sphere is a homogenous particle suspended in a medium that has the properties of the next biggest sphere. The simplest form of the model, a 'single-shell' model, is an approximation of the structure of a mammalian cell whereby the cell is divided into a homogenous core, representing the cytoplasm, surrounded by a shell representing the plasma membrane.
The effective complex permittivity for the entire particle is a combination of the properties of each individual sphere. The subscript eff refers to the effective complex permittivity. 
Equation 5
The subscript 3 corresponds to the suspending medium. Thus, the conductivity and permittivity values for the membrane and cytoplasm can be determined by curve fitting the model to the data.
The effective membrane capacitance (CEFF) is given by Equation 6.
The CEFF is a function of the permittivity and thickness of the cell membrane. It has been estimated that a completely smooth cell membrane has a value of approximately 6mF m -2 [33] . The CEFF assumes a sphere with a smooth membrane so an increase in surface area by means of membrane folding would result in an increase in the CEFF value. Therefore, it follows that the CEFF is also a function of surface morphology. High values of CEFF correlate with a high number of blebs, folds, ruffles and microvilli in the cell membrane [34] [35] [36] .
Statistical Analysis
Statistical analysis was carried out using SPSS version 16.0 (SPSS Inc. Chicago, IL). Cell electrophysiological properties and radius measurements were analysed graphically using a histogram to determine whether the distribution conformed to a normal curve. If the distribution was normal, the parametric two independent sample student's t-test was used.
If normality could not be confirmed, the non-parametric, two independent sample Mann Whitney-U test was performed. Analysis was two-way and P values displayed are of the exact variant. P values of <0.05 were considered statistically significant.
Results
When energised with a current, the cell suspensions in the DEP-microwell responded by being attracted to, or repelled from, the electrodes at the perimeter of the DEP-microwell, as shown in Figure I . The direction of cell motion was dependent on the frequency of the applied electric field. Changes in light intensity in regions of the well close to the electrode edges are proportional to changes in cell concentration [27] . By probing cell samples over a frequency range, electrophysiological spectra with negative and positive domains were produced, as shown in Figure II 
Discussion
With a view to improving the early detection rate of oral cancer, this investigation sought to [20] found that normal breast cells (MCF 10A) had a higher cytoplasmic conductivity (0.3S m -1 ) than their malignant counterparts (MCF 7) (0.23S m -1 ). In the study by Broche et al. [21] , which investigated the electrophysiological properties of keratinocyte cells, it was found that the quasi-normal dermal cell line, UP, had a lower effective CEff than the OSCC cell line, H357.
Furthermore, it was shown that UP cells had a higher cytoplasmic conductivity than H357
cells. This would suggest that for a number of cancers, DEP represents an alternative means of early detection; whilst it offers few advantages where the cancer is deep and needs to be surgically extracted for analysis, it presents many advantages for the detection of more superficially-cited cancers.
Conclusion
This investigation serves as a "proof-of-concept" study which demonstrates the potential for DEP to be used in the detection of oral cancer. Due to the accessibility of the oral cavity, DEP is a viable solution to the problem of OSCC detection. Furthermore, dysplastic oral keratinocytes have an electrophysiological phenotype distinct to cancerous oral keratinocytes which could prove significant in a diagnostic setting. Currently available OSCC detection techniques are subjective and show improved efficacy when employed by highly skilled and experienced clinicians [42, 43] . However, these techniques are of most use in primary health care settings where handlers will be less experienced. The proposed DEP system is non-subjective, and does not require intensive sample preparation such as staining. It is proposed that DEP could be adapted to a bench top system that can be used for the detection of oral cancer by primary health care workers with minimal expertise and in resource limited settings. Further investigations with clinical samples are required to validate the assay.
Oral cancer is a debilitating disease that has an extremely low survival rate in view of the accessibility of the oral cavity. A simple, low-cost, non-invasive detection technique to aid clinical assessment would be of great benefit. It has been shown that dysplastic and SCC oral keratinocytes can be identified on the basis of their electrophysiological phenotype;
effective membrane capacitance and cytoplasmic conductivity correlates with disease progression. This work illustrates the potential for DEP to be used to detect a dysplastic or cancerous population of cells in the oral mucosa.
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The spectrum is negative at low frequencies, where cells are repelled from the electrodes; at higher frequencies the spectrum becomes positive, where cells are being attracted to the electrodes. The spectrum gradually increases until a plateau stage is reached. At higher frequencies still, the spectrum begins to decrease. Cell Type
Figure IV
The cytoplasmic conductivity of primary normal (HOK), dysplastic (DOK) and OSCC (H357 and H157) oral keratinocytes were derived by fitting lines of best fit to dielectric spectra and applying the 'single shell model' [24, 25] . Error bars denote the standard deviation (SD). Each experiment was repeated at least five times.
Asterisks denote a statistically significant difference ( P<0.05, P<0.01). Cell Type
Figure V
The cytoplasmic conductivity and effective specific membrane capacitance of primary normal (HOK), dysplastic (DOK) and OSCC (H357 and H157) oral keratinocytes were derived by fitting lines of best fit to dielectric spectra and applying the 'single shell model' [24, 25] . Each experiment was repeated five times (some points overlap). 
